The effects of porous concrete on water quality improvement in artificial sewage water were examined in the laboratory test. In-situ test using water channel confirmed the purifying function of precast porous concrete products on water quality. Purification practice to improve water quality of an urban river was conducted by placing precast porous concrete products in the river. For the porous concrete used in the tests, two different sizes of coarse aggregate of 5~10, 10~15 mm were used. Three void contents of 20, 25 and 30 percent were designed for the porous concrete. Variation of water quality was observed by the indexes of biochemical oxygen demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), total phosphorus (T-P) and total nitrogen (T-N) in the laboratory test and in-situ test. It was found that during the period of 70~170 days since the experiment started, void content of porous concrete did not influence the purifying ratio of TOC in sewage, while the purifying ratio of TOC in laboratory by porous concrete changed to around 60 to 80 percent. The purifying ratio of T-P in laboratory was about 20~40 percent, whereas river water purification test showed a higher purifying ratio of T-P. It was found that BOD, COD of the river water decreased about 30 to 60 percent by placing porous concrete products in the river.
Introduction
Concrete blocks or concrete retaining walls are widely used in the river to keep the river banks or beds not be destroyed by flood. Recently, riverbank-protecting concrete structures have been criticized by ecologists due to the disappearance of living environment for small animals, plants in these concrete structures in the rivers. Rivers will lose the natural purification ability and the ecological systems will be affected to some extent. Over the past decades, how to make concrete materials co-existing with the environment around concrete structure has been a challenging problem to civil engineers. Although efforts such as opening holes in riverbank-protecting concrete structures to create living spaces for plants, insects, fish and small animals have been done in recent years, it is still difficult to restore the river's natural purification ability completely.
Recently, porous concrete, as a new type of ecological material, has been used in riverbank-protecting structures in Japan (JCI 1995) . Porous concrete, which has an interconnected honeycombed void structure inside it, has some special environmentally friendly functions, such as sound absorption, water permeability, planting grass or water quality purification (Nakagawa et al. 1998) . In this study, porous concrete was experimentally applied to the purification of water quality in the laboratory and the river. In the laboratory test, effects of porous concrete on removing polluted substance from sewage were investigated. Impact of void content and size of aggregate in porous concrete on purifying ability was examined. Later on, a large-scale in-situ test was performed by using water channel to check impact of porous concrete on water quality. The ecosystem of water channel by placing precast porous concrete products in it was also conducted. These test results were applied to an engineering practice by placing precast porous concrete products in a moderate polluted urban river. Variation of river water quality after placing porous concrete products was measured periodically. Results of laboratory test, in-situ test and river practice about the purifying effects of porous concrete on water quality were reported in the end.
Laboratory purification tests

Porous concrete specimen
Porous concrete is a special concrete by omitted fine aggregate in the mixture to form a continuous void structure inside the concrete. How to maintain a proper strength at the designed void content is the key to prepare porous concrete specimen. In the laboratory test, ordinary Portland cement (C), two different single-size lightweight aggregates (G) were used. The density of light aggregates of pumice used was 1.32 g/cm 3 . Table 1 lists the mixture proportion of porous concrete specimen. Cement and aggregate were firstly put into mixer and mixed for 30 seconds, and then water was added into the mixer and mixed for 60 seconds. During the mixing process, there was a break to make a visual inspection on the consistency to ensure that paste had evenly coated the 1 Leader of Product Development Group, Wako Concrete Co., Ltd., Miyazaki, Japan. *Corresponding author, E-mail: zhang@wakocon.co.jp aggregate.
Void content of porous concrete specimen (100 x 100 x 400 mm) was measured according to the test method proposed by the Technical Research Committee on Ecological Concrete, Japan Concrete Institute (JCI). After the measurement of void content, all specimens used for purifying test were placed in an accelerating carbonation test apparatus in order to decrease the high alkalinity of concrete.
Purification test
Laboratory purification test of investigating the effects of porous concrete on removing polluted substance from sewage was conducted by using a purifying test apparatus. Sewage was artificially made in the following composition so that the original concentration of carbon, nitrogen, phosphorus was Carbon : Nitrogen : Phosphorus = 100 : 5 : 1. Table 2 lists the composition of sewage used in this test. The typical concentrations of TOC (total organic carbon), T-N (total nitrogen) and T-P (total phosphorus) were designed as 40 mg/l, 2 mg/l and 0.4 mg/l, respectively. The practical concentrations of TOC, T-N and T-P in the sewage measured at the flow-in point of the test apparatus varied greatly due to different formation rate of biological mass in the sewage.
The purifying test apparatus had six water paths and the whole length of the path was 1800 mm (Fig. 1) . Sewage flowed to the water path by a pump which can control the flow volume of sewage. There were three porous concrete specimens placed in each path in a line. The flow rate of sewage through the path was adjusted to 20 ml per minute. Passing time of sewage through porous concrete specimen was about 2 to 3 hours. During the purification test, aeration was done by supplying oxygen at a rate of 1.5liter per minute to keep the formation of biological mass and fluorescent lighting of 12 hours per day.
Test results and discussions
TOC concentrations measured at sewage flow-in point and flow-out point in water paths are shown in Fig. 2 . Purifying ratio (P. R.) is defined as the ratio of the difference of TOC concentration at sewage flow-in point and flow-out point, to the TOC concentration at flow-in point. Those purifying ratios from the test are given in Fig. 2 too. Size of aggregate used in porous concrete specimens placed in water paths was 5~10 mm and void contents in Fig. 2 a) , b) c) was 20, 25 and 30 percent, respectively.
At the beginning of this test, purifying ratio which was higher than 50% could be observed, and the purifying ratio kept an increasing trend at the first two months. Porous concrete specimens showed a high purifying ratio from 70 to 90 percent at this period. Then, for the porous concrete specimen with a void content of 20 percent or 25 percent, purifying ratio decreased to the range of 60 to 80 percent. But for the porous concrete specimen with a void content of 30 percent, purifying ratio varied slightly to around 80 percent. This could be explained as a high void content provided a large space for the formation of biological mass. Figure 3 showed the change of TOC concentration by porous concrete specimen using the aggregate of 10~15mm. The void content of porous concrete was 25 percent. Comparing Fig. 3 with the results given in Fig. 2  b) , it can be found that from the beginning of the purification test, porous concrete specimen using the aggregate of 10~15mm had a very high purifying ratio, which is larger than 80 percent. Because the void space inside the porous concrete specimen using the aggregate of 10~15mm was larger than that of using the aggregate of 5~10mm at same void content, formation of biological mass at the beginning period would be beneficial at lar- G  20  257  90  851  25  182  64  851  5~10  30  107  38  851  20  290  102  801  25  215  75  801  10~15  30  140  49  801 ger void space. But the purifying ratio was decreased to 60 to 65 percent at the rest test period, lower than that of porous concrete specimen using aggregate of 5~10mm. The same trend was found for the void content of 20 percent or 30 percent using aggregate of 10-15 mm too. For the same void content of porous concrete, using aggregate of 5-10mm has a larger surface area for the formation of biological mass inside the void structure than that of using aggregate of 10-15mm. Changes of T-P concentration in water paths by the porous concrete specimen using aggregate of 5~10 mm and 10~15 mm are illustrated in Fig. 4 a) and b) , respectively. The void content of porous concrete specimens was the same of 25 percent. It can be found that purifying ratio reached its peak at the initial two months of the test, and then the purifying ratio declined to the range of 20 to 40 percent quickly. The impact of aggregate size on purifying ratio was not so obvious, especially during the time period of 170 days.
Changes of T-N concentration in water paths by the porous concrete specimen using aggregate of 5~10 mm are displayed in Fig. 5 . Void contents of porous concrete specimens in Fig. 5 a) , b) and c) were 20, 25 and 30 percent, respectively. Purifying ratio of T-N by porous concrete specimens with a void content of 20 percent varied from50 to 70 percent. For the specimens with void content of 25 percent or 30 percent, a very high purifying ratio of T-N of 90 to 99 percent was observed from the beginning to 150 days, and then purifying ratio declined to the range of 85 to 95 percent.
Laboratory purification test results confirm that porous concrete specimens can effectively remove polluted substance from sewage. 
In-situ purification test
Outline of in-situ test
In-situ test to observe the impacts of porous concrete on ecosystems of water channel was conducted in Lake Biwa Water Quality Experimental Center. Two water channels, with same length of 24m and same width of 2m were used in the test and the bed of the channels paved with a 100-mm sand layer. Water flowed through the two channels was pumped from Lake Biwa with the same origin. Water quality at the flow-in points of two channels was the same. Precast porous concrete products were placed in water channel A, and another water channel B, as a comparison, was a blank without porous concrete products in it (Figs. 6 and 7) .
A special precast porous concrete product in the shape of cobble with a diameter of 250mm was used in the test. Void content of the products was 25 percent. The average compressive strength was 14 N/mm 2 and the permeability coefficient was 19 mm/s. Single cobble product was connected to form a unit with one to three layers. The volume ratio of porous concrete units in water channel A was 20 percent.
Water quality indexes of pH, SS, BOD, D-T-N, D-T-P, T-N, T-P at the flow-in and flow-out points of two channels were measured. Apart from water quality, species diversity and deposits in two water channels were also observed. Table 3 shows the purifying ratio of polluted substance at two water channels. As the original water from Lake Biwa had a low content of polluted substance, comparing with laboratory test results mentioned above, the removing effect was not so high. At water channel A, growing of plants led to an increase of organic deposits, and BOD was expected to increase in channel A. But the test result showed that BOD at flow-out point of channel A was lower than that at flow-in point. The difference of BOD at two channels was not so obvious. It can be found that the purifying ratio of SS, T-P in water channel A was higher than that of Channel B. By placing porous concrete products in channel A, a large number of species such as plants, small animals, and shellfishes were found in the channel (Fig. 8) . During the whole test period, pH of two water channels was almost the same. Accordingly, placing porous concrete in flowing water channel did not led to an increase in pH value.
Test results and discussions
River water purification tests
Outline
River water quality purifying test by porous concrete was conducted in Nakayama River. With an average width of 2.6m flows through residence area near Hyuga city, Miyazaki Pref., this river is moderately polluted by the Japanese river water quality standard for conservation of the living environment (MOE 1971) as the BOD of the river is often larger than 10 mg/l. The main source of pollution to the river was drainage from the resident areas near the river. Precast porous concrete cobbles with a diameter of 250mm and a void content of 25 percent were connected to form a unit of two layers with a size of 0.5m (height) x 1.75m (length) x 1.0m (width). These units were placed in the river at a distance of 4 m (Fig. 9) . The passing period of river water through the porous concrete products area was about one hour. Since the placement of precast porous concrete product, water quality had been examined every two months for two years. pH, BOD, COD, T-N, T-P, SS and some other water quality indexes were measured at three points of the river. Point 1 was the upstream position of porous concrete product area. Point 2 and Point 3 were the left and right side of the river cross section among the precast porous concrete products. Figure 10 shows the variation of pH during the test period. It can be found that there were almost no changes in pH. Alkalinity of precast porous concrete products in the river did not cause increase in pH of the river water. Figure 11 shows the variation of BOD. After the placement of precast porous concrete products in the river, average concentration of BOD of the three points in the area placed with precast porous concrete products decreased from 10.4 mg/l to 4.4 mg/l during the first eight months. Then BOD varied from 4.3 mg/l to 7.3 mg/l. Figure 12 shows the variation of COD. Variation of COD had a same trend as the variation of BOD shown in Fig. 11 . COD decreased dramatically after the placement one year later Fig. 9 Porous concrete product in Nakayama River and the situation after one year.
Results and discussions
of precast porous concrete products in the river. The average purifying ratio of COD was estimated at around 50 to 60 percent, higher than the purifying ratio of BOD which is 30 to 40 percent. It can be concluded that precast porous concrete products used in this test were more effective in purification of COD than that of BOD. Figure 13 and Fig. 14 show the variation of T-P and T-N, respectively. It can be found that concentration of T-P decreased quickly after the placement of porous concrete products in the river. Comparing with the laboratory test results shown in Fig. 4 , purifying ratio of river water was about 40 to 70 percent, much higher than the ratio obtained in laboratory test. The reason for this could be that porous concrete placed in the river provided a base for plants shown in Fig. 9 , and plants absorbed phosphorus to grow up. Although some decreases can be founded in the variation of the concentration of T-N in Fig. 14, purifying ratio of T-N was far less than that obtained from laboratory test (Fig. 5) . This could be explained that in the laboratory condition, there was little cycling of nitrogen in the water paths, whereas in the real river condition, cycling of nitrogen occurred frequently within the plants, fishes, animals and sludge in the river.
Conclusions
(1) Purifying ratio of TOC by porous concrete specimen in laboratory test varied from 60 to 80 percent. Porous concrete specimens using aggregate of 10~15 mm was more effective than that of 10~15 mm in purification of TOC. There was no significant impact of void content on purifying ratio observed. (2) Laboratory purifying ratio of T-P varied from 20 to 40 percent. The impact of aggregate size on purifying ratio was not so obvious. (3) Laboratory purifying ratio of T-N varied from 85 to 95 percent. (4) In-situ test and river practice showed that the alkalinity of precast porous concrete products in water channel had no impact on pH value of the water. (5) By placing precast porous concrete products in water channel, purifying ratio of SS, T-P was higher than that of compared water channel. (6) Precast porous concrete products placed in the river were more effective in purification of COD than that of BOD. (7) Purifying ratio of T-P of river water was about 40 to 70 percent. Purifying ratio of T-N in Nakayama River was far less than that obtained from laboratory test. 
